The creation of an improved vaccine for global measles control will require an understanding of the immune mechanisms of measles virus containment. To assess the role of CD8 ؉ cytotoxic T lymphocytes in measles virus clearance, rhesus monkeys were depleted of CD8 ؉ lymphocytes by monoclonal anti-CD8 antibody infusion and challenged with wild-type measles virus. The CD8 ؉ lymphocyte-depleted animals exhibited a more extensive rash, higher viral loads at the peak of virus replication, and a longer duration of viremia than did the control antibody-treated animals. These findings indicate a central role for CD8 ؉ lymphocytes in the control of measles virus infections and the importance of eliciting a cell-mediated immune response in new measles vaccine strategies. on January 30, 2020 by guest http://jvi.asm.org/ Downloaded from FIG. 4. Titers of infectious MV in the blood are greater in the CD8 ϩ lymphocyte-depleted animals than in the control monkeys during early infection. Infectious virus was measured by cocultivation of PBL with B95-8 cells. (a) MV viremia in control monkeys; (b) MV viremia in CD8 ϩ lymphocyte-depleted monkeys. 4398 NOTES J. VIROL.
Measles remains an important cause of morbidity and mortality in young children. Although a preventative live attenuated measles virus (MV) vaccine has long been available, its efficacy is incomplete. The immunogenicity of this vaccine has been limited in young infants by maternal antibody interference and immune system immaturity (6) , leaving substantial numbers of vaccinated infants susceptible to disease. In fact, approximately 1 million deaths per year are still attributable to measles, with the majority of these deaths occurring in sub-Saharan Africa (1) .
Defining the immune mechanisms critical for the control of MV replication will be important in developing new measles vaccination strategies. It is well established that anti-MV antibodies play a central role in protection against MV infection. However, accruing data have implicated cell-mediated immune responses in the control of MV replication (10, 16, 17, 23, 34) . MV-specific, CD8 ϩ cytotoxic T lymphocytes are known to be activated and expanded in the peripheral blood in temporal association with the onset of the measles rash (16, 17, 21, 30) . Soluble CD8 and ␤ 2 microglobulin are increased in the plasma during acute measles infection in children (12) .
A number of clinical observations have also implicated MVspecific cellular immune responses in the clearance of this virus. Children with cellular immune deficiencies have more severe clinical disease after MV infection than children who are hypogammaglobulinemic or who are immunologically intact (8, 24) , and the potency of the cell-mediated immune response has been correlated with the ability of infected individuals to recover from MV infection (3) . Human immunodeficiency virus-infected children are more likely to have prolonged shedding of MV than those who are human immunodeficiency virus negative (26) , presumably because of impaired MV-specific cellular immune responses. In a transgenic mouse model of MV infection (25) , the T-lymphocytemediated immune response is required for clearance of neuronal infection (22) . Nevertheless, these observations have all been correlative. The importance of cell-mediated immunity in MV clearance has not been directly demonstrated.
Nonhuman primates can be infected with MV experimentally and provide the only available animal model of MV pathogenesis. MV-infected small laboratory animals do not develop systemic viral replication or clinical disease. MV-infected rhesus monkeys, on the other hand, show evidence of systemic viral replication, MV-induced immunosuppression and clinical signs of disease, including maculopapular rash and conjunctivitis (2) . Because of this, rhesus monkeys have recently been used to study the efficacy of novel MV vaccine strategies (27) .
In the present study, we directly investigated the role of CD8 ϩ lymphocytes in the control of MV replication by eliminating CD8 ϩ lymphocytes from rhesus monkeys and assessing the sequelae of MV infection. All monkeys in the study were between 7 and 11 years of age. Four normal rhesus monkeys, shown to be MV naive by negative MV-specific enzyme-linked immunosorbent assay and neutralizing-antibody assays, were infused by the intravenous route with a monoclonal anti-CD8 antibody (the mouse-human chimeric cM-T807; Centocor, Malvern, Pa.) at a dose of 5 mg/kg on days Ϫ3, 0, and 4 relative to the MV infection. Two normal rhesus monkeys, also shown to be MV naive, were similarly infused with the same quantities of a control monoclonal anti-RSV antibody (Synagis, MedImmune, Inc., Gaithersburg, Md.) according to the same schedule. Monkeys were inoculated intratracheally with a 50% tissue culture infective dose (10 4 ) of Bilthoven strain MV on day 0. All animals were maintained in accordance with the guidelines of the Committee on Animals for the Harvard Medical School and the Guide for the Care and Use of Laboratory Animals.
CD8 ϩ T lymphocytes were assessed in the peripheral blood of the monkeys by cell staining and flow cytometric analysis with anti-CD8-PE (SK1; Becton Dickinson, San Jose, Calif.) as previously described (28) . CD8 ϩ T lymphocytes were undetectable in the peripheral blood of the four monoclonal anti-CD8 antibody-treated animals for at least 14 days after infection ( Fig. 1 ). CD8 ϩ T lymphocytes were subsequently detected in the peripheral blood of all of these animals by day 24 after infection. Near-total depletion of CD8 ϩ lymphocytes and a slight reduction in CD3 ϩ lymphocytes was achieved in the lymph nodes sampled on day 7 from the anti-CD8 antibodytreated animals ( Fig. 2A and C). The CD8 ϩ T-lymphocyte counts ( Fig. 1 ) and the lymph node CD8 ϩ and CD3 ϩ lymphocyte populations ( Fig. 2B and D) in the control animals were not affected by the administration of the control monoclonal antibody.
The course of clinical disease after MV infection differed in the monoclonal anti-CD8 antibody-treated and the control antibody-treated groups of monkeys. While all of the monkeys developed maculopapular skin rashes between days 7 and 10 after infection, the rashes were more prominent and extensive in the monoclonal anti-CD8 antibody-treated animals. Moreover, they persisted 2 to 4 days longer in these CD8 ϩ lymphocyte-depleted monkeys. Interestingly, conjunctivitis, commonly seen in MV-infected rhesus monkeys, was observed in both control animals on day 10 but in none of the CD8 ϩ lymphocyte-depleted monkeys.
Global immunologic consequences of MV infection were comparable in both groups of monkeys. Both groups of animals developed characteristic MV-induced cell-mediated immunosuppression, measured by peripheral blood mononuclear cell (PBMC) proliferation after stimulation with phytohemagglutinin (PHA; 2.5 g/ml; Sigma, St. Louis, Mo.), as previously described (9) (data not shown). Differences were also not de-
CD8 ϩ lymphocytes are depleted in the peripheral blood of rhesus monkeys as a result of intravenous injection of the mousehuman chimeric monoclonal anti-CD8 antibody cM-T807. The anti-CD8 antibody (four monkeys) or a control antibody (two monkeys) was administered intravenously on days Ϫ3, 0, and 4 of an MV infection. CD8 ϩ T lymphocytes were quantitated by using a phycoerythrincoupled monoclonal antibody that was able to bind to CD8 in the presence of cM-T807, as previously reported (28) . When CD8 ϩ T lymphocytes were not detectable, Ͼ95% of the remaining lymphocytes were CD20 ϩ B cells or CD4 ϩ T lymphocytes. (a) CD8 ϩ T-lymphocyte counts in control antibody-treated monkeys. (b) CD8 ϩ T-lymphocyte counts in monkeys treated with anti-CD8 antibody.
FIG. 2. CD8 ϩ lymphocytes are nearly eliminated in inguinal lymph nodes from CD8 ϩ lymphocyte-depleted monkeys on day 7 after infection. CD8 ϩ lymphocytes do not appear in the CD3 ϩ lymphocytic infiltrate of the axillary measles rash on day 14 after infection. The formalin-fixed tissues were embedded in paraffin, sectioned at 5 m, and immunostained either with polyclonal anti-CD3 antibodies (Dako, Carpinteria, Calif.) or with monoclonal anti-CD8 antibodies (1A5; Vector Laboratories, Burlingame, Calif.). Tissues stained for CD3 were preheated in a microwave oven for 20 min by using antigen unmasking solution (Vector Laboratories); those stained for CD8 were preheated in an electric pressure cooker for 15 min with Trilogy solution (Cell Marque Corp., Hot Springs, Ark.). For each primary antibody, an appropriate negative control was used at the same concentration: a rabbit immunoglobulin fraction for CD3 and mouse IgG1 for CD8. Sections were counterstained with hematoxylin. Lymph nodes from a monoclonal anti-CD8 antibody-treated monkey (A) and a control antibody-treated monkey (B) stained for expression of CD8 (magnification, ϫ20), lymph nodes from a monoclonal anti-CD8 antibodytreated monkey (C) and a control monkey (D) stained for expression of CD3 (magnification, ϫ20), axillary skin from a monoclonal anti-CD8 antibody-treated monkey (E) and a control antibody-treated monkey (F) stained for expression of CD8 (magnification, ϫ400), and axillary skin from a monoclonal anti-CD8 antibody-treated monkey (G) and a control antibody-treated monkey (H) stained for expression of CD3 (magnification, ϫ400) are shown. VOL. 77, 2003 NOTES 4397 tected in mitogen-stimulated cytokine production by T lymphocytes (interleukin-4 [IL-4], IL-6, IL-12, gamma interferon [IFN-␥], and tumor necrosis factor alpha [TNF-␣]) (data not shown). For these assays, Staphylococcus aureus Cowan strain (SAC; Sigma)-stimulated cells and associated culture supernatants were harvested at 24 h and PHA-stimulated cells and culture supernatants were harvested at 48 h. IL-12, and TNF-␣ were measured in the supernatants of the SAC-stimulated cells and IFN-␥, IL-4, and IL-6 were measured in the supernatants of the PHA-stimulated cells by immunoassays for each cytokine (Biosource, Camarillo, Calif.) according to the manufacturer's instructions. Histologic evaluation of the skin biopsies taken from axillary areas of erythema on day 14 after infection demonstrated the expected absence of CD8 ϩ T lymphocytes in the CD3 ϩ lymphocytic infiltration of the dermis and epidermis of CD8 ϩ T-lymphocyte-depleted animals ( Fig. 2E ). CD8 ϩ T lymphocytes were present in the epithelial and perivascular regions of the skin specimens from control animals ( Fig. 2F) . Otherwise, however, the histologic appearance of these skin biopsies were comparable, since CD3 ϩ intraepithelial and perivascular lymphocytes ( Fig. 2G and H) were detectable in the skin of both CD8 ϩ lymphocyte-depleted and control animals.
MV-specific immunoglobulin M (IgM) antibody was detectable in both groups of animals on day 14, but the IgM responses in the depleted animals reached higher titers ( Fig. 3a  and d) . The neutralizing antibody response was detectable in two of the CD8 ϩ lymphocyte-depleted animals by day 7 and in all of them by day 10; the control animals did not develop significant titers of neutralizing antibody until day 21 ( Fig. 3c and f). However, CD8 ϩ lymphocyte-depleted and control monkeys generated comparable MV-specific IgG antibody responses ( Fig. 3b and e) .
The most compelling differences between the CD8 ϩ lymphocyte-depleted and control monkeys after infection was the extent of MV replication observed in these animals. Infectious virus, measured by cocultivation techniques with B95-8 cells (20), was 1.5 logs higher at the peak of viremia in animals that received the anti-CD8 monoclonal antibody ( Fig. 4) . At 14 days after infection, the control animals had undetectable infectious virus, whereas infectious virus remained demonstrable in the peripheral blood lymphocytes (PBL) of all of the CD8 ϩ lymphocyte-depleted monkeys.
In order to quantitate MV load in these monkeys, an MVspecific reverse transcription-PCR (RT-PCR) assay was developed (the sensitivity of the assay was 15 copies of MV RNA). A pBluescript SK plasmid containing the MV hemagglutinin gene was linearized with PvuII (New England Biolabs, Beverly, Mass.) and used to create an RNA standard, as previously described (15) . RNA was extracted from 10 6 PBMCs stored in 1 ml of RNA-Stat 60 (Teltest, Friendswood, Tex.) according to the manufacturer's protocol and then frozen at Ϫ70°C until analysis. One-step RT-PCR was performed by using the TaqMan One-Step RT-PCR kit (PE Applied Biosystems, Foster City, Calif.) and MV H gene-specific primers (5Ј-CAATC GAGCATCAGGTCAAGG-3Ј and 5Ј-GTCCTCAGGCCCA CTTCATC-3Ј) and labeled probe (5Ј-FAM-CGTGCTACAC CACTCTTCAAAATCATCGG-TAMRA-3Ј) (PE Applied Biosystems). The 50-l reactions included 25 l of TaqMan One-Step RT-PCR Master Mix, 2.5 l of 10 M concentra-tions of each primer, 1.5 l of 10 M fluorogenic probe, 1 l of ϫ40 MultiScribe and RNase inhibitor mix (PE Applied Biosystems), and 18 l of RNA. Quantitative RT-PCR was performed on an ABI Prism 7700 under the following conditions: hold for 30 min at 48°C, hold for 10 min at 95°C, and 45 cycles of 15 s at 95°C and 1 min at 60°C. For each sample, the C T value, defined as the minimum number of cycles necessary to exceed threshold values, was measured and applied to the FIG. 3 . Anti-MV antibody responses after MV infection in the CD8 ϩ lymphocyte-depleted and control monkeys. Neutralizing antibody was measured in a plaque reduction assay using the Chicago-1 strain of MV and Vero cells as previously described (2) . MV-specific IgM and IgG were measured in the MV IgG indirect enzyme immunoassay kit (Sigma) by substituting a horseradish-peroxidase-conjugated goat anti-monkey IgM (Nordic, Capistrano Beach, Calif.) and an alkaline phosphatase-conjugated rabbit anti-monkey IgG (Biomakor; Accurate Chemicals, Westbury, N.J.), respectively, for the secondary antibody. Sera were diluted 1:100, and secondary antibodies were diluted 1:2,000 in 1% normal rabbit serum and 0.05% Tween 20 in phosphate-buffered saline for all assays. Fast pNPP (Tab set-n2770; Sigma) was used as a substrate for the alkaline phosphatase-conjugated rabbit anti-monkey IgG, and plates were read by determining the optical density. Samples were tested in duplicate, and displayed values represent the mean change in absorbance from preinfected serum obtained from the same animal. The CD8 ϩ lymphocyte-depleted animals had substantially higher MV RNA levels in their PBMCs at the peak of the infection compared to control monkeys (Fig. 5) . Moreover, the clearance of virus RNA in PBMCs occurred just prior to or concurrently with the repopulation of CD8 ϩ T lymphocytes in the peripheral blood of the monoclonal anti-CD8 antibodytreated monkeys (Fig. 5) .
The depletion of CD8 ϩ lymphocytes resulted in changes in two clinical sequelae of MV infection in these monkeys: the skin rash and conjunctivitis. It has long been appreciated that the skin rash in MV infection is a manifestation of the cellular immune response to the virus (19) . The histologic appearance of the typical MV-associated maculopapular rash includes focal keratosis and edema with a perivascular mononuclear infiltrate (32) . In fact, children with deficiencies in cell-mediated immune function develop either atypical skin rashes or no rashes at all in association with MV infections (7, 18) . The observation in the present study that the CD8 ϩ lymphocytedepleted monkeys develop rashes indicates that this immunopathogenic process does not require CD8 ϩ lymphocytes. The more pronounced and longer duration of rashes in the CD8 ϩ lymphocyte-depleted monkeys compared to control monkeys may simply reflect the particularly high and prolonged viral replication in the experimental monkeys. The severity of the rash is also consistent with the possibility that CD8 ϩ lymphocytes play a regulatory role in this dermatopathologic process. The finding in the present study of conjunctivitis in control monkeys with no evidence of conjunctivitis in CD8 ϩ lymphocyte-depleted monkeys suggests that CD8 ϩ lymphocytes play a central role in the etiology of this inflammatory response. Alternatively, the increased viral load in the CD8 ϩ lymphocytedepleted monkeys could have resulted in a more profound immunosuppression that prevented conjunctival inflammation. However, this possibility is unlikely since mitogen-induced pro-liferation and cytokine production studies did not detect an effect of CD8 ϩ lymphocyte depletion on MV-induced immunosuppression.
It is well established that MV infection in humans is associated with a global immune suppression that can last a number of weeks. Individuals recently infected with MV demonstrate decreased responsiveness to cutaneous antigen challenge (31, 33) and the PBL of these individuals do not proliferate normally in vitro in response to mitogen stimulation (14, 31) . The etiology of this immune suppression remains uncertain. However, the observation in the present study that lymphocytes of the control and CD8 ϩ lymphocyte-depleted MV-infected monkeys had comparable cytokine production and proliferative responses to mitogen stimulation suggests that CD8 ϩ lymphocytes do not play an important role in this immune dysregulation.
After infection, the CD8 ϩ lymphocyte-depleted monkeys developed higher-titer MV-specific IgM and earlier neutralizing antibody responses than did the control monkeys. However, the experimental and control monkeys developed comparable MV-specific IgG responses. Since previous studies have shown that CD8 ϩ lymphocyte depletion of rhesus monkeys does not affect the ability of the monkeys to generate antibody responses (29) and MV-induced immunosuppression has not been shown to affect class-switching of B lymphocytes, this difference is not likely to represent an immunologic change in the ability of the monkeys to mount these immune responses. Rather, this difference probably reflects immune responses in the CD8 ϩ lymphocyte-depleted monkeys to higher levels of viral antigen. The similarity of the IgG antibody titers in the two groups of monkeys is consistent with the likelihood that the exposure of the immune system to viral antigen in the two groups of monkeys was comparable after CD8 ϩ lymphocytes returned to normal levels in the experimentally treated animals.
The particularly high MV load in the CD8 ϩ lymphocytedepleted monkeys is most likely a result of absent CD8 ϩ cytotoxic T lymphocytes, cells which have been shown to be important in the control of many other viruses. However, the CD8 ϩ lymphocyte population of the monkey includes both cytotoxic T cells (CD8 ϩ CD3 ϩ ) and natural killer (NK) cells (CD8 ϩ CD3 Ϫ ). Both cell subpopulations are eliminated from the peripheral blood in the course of CD8 ϩ lymphocyte depletion. It is, therefore, formally possible that the differences in viral replication between the two groups of animals could be due to the absence of NK cell immunity in the CD8 ϩ lymphocyte-depleted monkeys. However, this is unlikely given that NK cell activity is reduced during the acute phase of MV infection (11) .
The clinical, virologic, and immunologic differences between these groups of monkeys provide convincing evidence that CD8 ϩ lymphocytes play a role in the containment of MV replication. However, the present study also demonstrates that other immunologic mechanisms contribute to this immune containment. The CD8 ϩ lymphocyte-depleted monkeys never developed uncontrolled viremia with an associated encephalitis and pneumonitis that might have been seen if CD8 ϩ lymphocytes were the sole effective mediators of anti-MV immunity. Moreover, viremia began to decline during the period of primary infection in the experimentally treated monkeys be- FIG. 5 . PBL MV RNA levels are higher in CD8 ϩ lymphocytedepleted than in control monkeys, and clearance coincides temporally with the repopulation of CD8 ϩ lymphocytes. The CD8 ϩ lymphocyte count (s) and MV RNA level in PBL (छ), measured by quantitative MV-specific RT-PCR, were assessed prospectively after MV infection in two control monkeys (animals 112 and 116) and four CD8 ϩ lymphocyte-depleted monkeys (animals 113, 114, 115, and 117).
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NOTES 4399 fore CD8 ϩ lymphocytes were detected in peripheral blood. This containment of MV replication during the period of CD8 ϩ lymphocyte depletion could have been facilitated by residual or repopulating CD8 ϩ lymphocytes in the secondary lymphoid organs of the monkeys, since CD8 ϩ lymphocytes were certainly present in lymph nodes on day 7 after infection. However, it is likely that humoral responses also contributed to the containment of MV replication. In support of this contention, neutralizing antibody titers correlate with protection from MV infection (4) and antibody-dependent cell cytotoxicity has been implicated in the control of MV replication (5) . In addition, it should be recalled that an inactivated MV immunogen showed efficacy as a vaccine in preventing MV infection in humans, until neutralizing antibody titers waned (13) . Since such a vaccine cannot elicit CD8 ϩ virus-specific cytotoxic T lymphocytes, the protection must have been antibody mediated.
